We report here the presence of subepithelial myofibroblasts in pure bronchioloalveolar carcinoma and a subset of invasive lung adenocarcinoma. The subepithelial myofibroblasts we describe were observed in a peculiar location beneath the cancer cells in the alveolar septa. Immunohistochemically, they were positive for a-smooth muscle actin and calponin, but negative for desmin and h-caldesmon. To gain insight into their biological significance, we examined 116 surgically resected lung adenocarcinomas. The resected tumors included 13 bronchioloalveolar carcinomas, 20 mixed type adenocarcinomas with bronchioloalveolar carcinoma components, 57 papillary adenocarcinomas, 22 solid adenocarcinomas with mucin, and 4 acinar adenocarcinomas. All specimens were immunostained for a-smooth muscle actin to visualize the myofibroblasts. In all of the pure bronchioloalveolar carcinomas observed, the subepithelial myofibroblasts were completely preserved adjacent to the cancer cells. In mixed adenocarcinomas with bronchioloalveolar carcinoma components, subepithelial myofibroblasts were present in the bronchioloalveolar carcinoma components, but scanty in the invasive areas, where stromal myofibroblasts emerged between the cancer cell nests. Subepithelial myofibroblasts were retained, however, in the invasive areas of a subset of invasive adenocarcinomas. Survival analysis showed that the retention of subepithelial myofibroblasts in these invasive tumors was associated with low rates of lymphatic and vascular invasion, a low rate of lymph node involvement, and an excellent patient survival. These results suggest that subepithelial myofibroblasts increase in bronchioloalveolar carcinomas, but are gradually replaced by typical stromal myofibroblasts during progression into invasive cancer. A subset of invasive adenocarcinomas retains subepithelial myofibroblasts. Analysis of subepithelial myofibroblasts may be helpful in identifying a subset of lung adenocarcinoma with excellent prognosis.
Lung cancer is the leading cause of cancer mortality in USA, Japan, and other developed countries. 1 Moreover, the incidence of lung adenocarcinoma is widely recognized to be increasing among industrialized countries. 2 The prognosis of lung carcinoma is poor: even if diagnosed successfully, patients with stage I lung carcinoma have a 5-year survival rate of only 70% after surgical resection. 3 In 1995, Noguchi et al 4 proposed a new histological classification for lung adenocarcinomas of small size (maximum dimension 2 cm or less). In survival analysis, tumors of o2 cm in diameter with a pure lepidic growth pattern (Noguchi type A) and tumors showing bland, elastotic sclerosis without active fibroblastic proliferation (Noguchi type B) had excellent prognosis with no lymph node metastasis. In contrast, tumors with 'active fibroblasts' (Noguchi type C) had a poorer outcome. 4 These results suggest that characteristic stromal alterations accompany the invasion of cancer cells, and that stromal myofibroblasts or cancer-associated fibroblasts (CAFs), 5 that is, 'active fibroblasts' 4 are crucial in this process. Stromal myofibroblasts are also reported to facilitate invasion and metastasis of cancer cells through cancer-stromal cell interaction. 6 Lung cancer develops and progresses through an accumulation of gene abnormalities in oncogenes and tumor suppressor genes. 7 However, the stromal changes that occur during progression from pure bronchioloalveolar carcinoma (type A or B of Noguchi's classification) to mixed type adenocarcinoma with a bronchioloalveolar carcinoma component (type C of Noguchi's classification) 8 and to pure invasive adenocarcinoma (types E, D, and F of Noguchi's classification) are not well documented in the literature.
In this report we documented the presence of peculiar myofibroblasts, what we call 'subepithelial myofibroblasts,' in pure bronchioloalveolar carcinoma, and characterized the immunohistochemical profile of these cells on the basis of their expression of a-smooth muscle actin, calponin, desmin, and hcaldesmon. Next, in an evaluation of the presence of subepithelial myofibroblasts in invasive lung adenocarcinomas, we found that these cells were lost in most invasive adenocarcinomas, but were preserved in a subset of invasive adenocarcinomas. Finally, we showed that the retention of subepithelial myofibroblasts in patients with invasive lung adenocarcinomas was associated with low rates of lymphatic and vascular invasion, a low rate of lymph node involvement, and an excellent patient survival. To our knowledge, this is the first report to document the presence and prognostic significance of subepithelial myofibroblasts in lung adenocarcinomas.
Materials and methods

Patients and Tumors
Tumor specimens were obtained from 116 patients who underwent lung cancer surgery at the University of Tokyo hospital during the period from August 1999 to April 2003. The patients included 77 males and 39 females, ranging in age from 38 to 90 years (average 65 years). The observation period ranged from 0.8 to 57.3 months, with a median follow-up period of 31.4 months. The cases were staged according to the tumor-node-metastasis system adopted by the American Joint Committee on Cancer and the International Union against Cancer. 9 Eighty-two were stage I (54 stage IA and 28 stage IB), 13 were stage II (four stage IIA and nine stage IIB), and 21 were stage III (13 stage IIIA and 8 stage IIIB). No stage IV cases were found. The adenocarcinomas were histologically subtyped according to the World Health Organization classification for tumors. 10 As most lung adenocarcinomas consist of heterogeneous histological components, dominant subtypes were mainly documented. 11, 12 Mixed type tumors mainly consisting of a bronchioloalveolar carcinoma component were classified as mixed subtype adenocarcinomas with bronchioloalveolar carcinoma components. On the basis of this approach, the histological typing of these tumors revealed 13 pure bronchioloalveolar carcinomas, 57 papillary adenocarcinomas, 4 acinar adenocarcinomas, 22 solid adenocarcinomas with mucin, and 20 mixed subtype adenocarcinomas with bronchioloalveolar carcinoma components. The histological criteria for vascular, lymphatic, and pleural invasion were as described earlier. 13, 14 Stromal invasion was evaluated according to the criteria described by Terasaki et al. 8 
Immunohistochemistry
The specimens for immunohistochemical evaluation were taken from representative areas of the tumor, including the largest cut surface. When it was felt that this was not sufficient owing to intratumor heterogeneity, additional cut surface of tumors were further taken as appropriate. Thus, a total of 126 sections were submitted to immunohistochemical analysis.
Five-micrometer-thick sections were cut and deparaffinized through graded xyline and ethanol. The sections were first treated with 0.3% hydrogen peroxide in methanol for 30 min to block endogenous peroxidase activity. Then sections were either autoclaved in 10 mM citrate buffer (pH 6.0) for 10 min at 1201C (for a-smooth muscle actin, calponin, h-caldesmon, and desmin). Sections were then preincubated with 10% normal horse serum in phosphate-buffered saline, incubated with a mouse monoclonal antibody against a-smooth muscle actin (Sigma, clone 1A4) at a dilution of 1:200, mouse monoclonal antibody against calponin (Dako, M3556) at 1:200, mouse monoclonal antibody against caldesmon (Dako, M3557) at 1:100 at 41C overnight, and then with biotinylated secondary antibody for 45 min. Subsequently, the sections were allowed to react for 30 min with avidin-biotinylperoxidase complex (ABC) using a Vectastain ABC kit (Vector Laboratories) and subjected to the peroxidase reaction using 0.02% 3,3 0 -diaminobenzidine tetrahydrochloride (DAB) as a chromogen in Tris-HCl buffer (pH 7.6) containing 0.007% hydrogen peroxide. No significant staining was observed in the negative controls, which were prepared using the same class of mouse immunoglobulin at the same concentration.
Evaluation of Subepithelial Myofibroblasts
We classified tumor areas into four patterns according to the degree of subepithelial myofibroblast retention around tumor cells: pattern A, tumor cells are completely surrounded by a regular and thin layer of subepithelial myofibroblasts; pattern B, almost all of the tumor cells are surrounded by irregular layers of subepithelial myofibroblasts, with focal disruption of layers (o5%) in some areas; pattern C, subepithelial myofibroblasts are significantly (o50%) lost around the tumor cells; pattern D, Z50% of subepithelial myofibroblasts are lost around the tumor cells. We adopted a cutoff value of 5 mm because this cutoff value has often been used in earlier reports. 8, 15 The pattern of subepithelial myofibroblasts was evaluated by two pathologists (TN and DM). The concordance rate was 87%, and the discrepancies were resolved by a joint session.
Statistics
The w 2 -test was used to evaluate the clinicopathological correlations. Survival curves were generated using the Kaplan-Meier method and differences in survival were analyzed by the log-rank test. The log-rank test was used to identify the univariate predictors. Variables, which showed significant difference in survival in univariate analysis, were included in a multivariate Cox model. The results were considered significant if the P-value was o0.05. All statistical calculations were performed using the StatView computer program (Abacus Concepts, Berkeley, USA).
Results
Characteristics of Subepithelial Myofibroblasts
It has been reported that alveolar interstitium in the normal lung contains myofibroblasts that stain positive for vimentin, but negative for a-smooth muscle actin. [16] [17] [18] In keeping with these earlier reports, a-smooth muscle actin-positive cells were only rarely seen within the normal alveolar septa in our analysis. a-smooth muscle actin staining of small sized pure bronchioloalveolar carcinoma is shown in Figure 1 . In contrast to normal lung, a-smooth muscle actin-positive cells were present in the area of bronchioloalveolar carcinoma and at higher magnification, a-smooth muscle actin-positive myofibroblasts appeared abruptly at the interface between the normal lung and bronchioloalveolar carcinoma (Figure 1a and b). Close examination of these a-smooth muscle actin-positive cells showed that these cells were slender in shape and localized immediately beneath the cancer cells (Figure 1c and d ). Owing to their slender profile, their nuclei were only occasionally observable. Their a-smooth muscle actin-positive cytoplasm, on the other hand, could be easily recognized as a thin linear extension along the alveolar septa (Figure 1c ) or surrounding neoplastic acinar structure, especially when the alveolar septa were thickened by fibrosis (Figure 2a) .
To confirm the myofibroblastic nature of subepithelial fibroblast, we performed immunohistochemical analysis using additional myogenic markers. Subepithelial myofibroblasts were positive for calponin (Figure 2b ), but were negative for desmin ( Figure 2c ) and h-caldesmon (Figure 2d ), consistent with their myofibroblastic nature.
Unable to recognize the precise location of these cells by light microscopy, we examined the cells by transmission electron microscopy. As shown in Figure 3a and b, subepithelial myofibroblasts were located underneath the basal lamina and embedded in collagenous matrix. At high magnification, rough endoplasmic reticulum was abundantly seen in the cytoplasm. Dense bodies were also sparsely observed, confirming again their myofibroblastic nature (Figure 3b ).
Myofibroblasts in Invasive Lung Adenocarcinoma
Next, we investigated whether subepithelial myofibroblasts were present in invasive lung adenocarcinomas. In mixed type adenocarcinoma with bronchioloalveolar carcinoma components, subepithelial myofibroblasts were retained in the peripheral areas with lepidic growth patterns, as in pure bronchioloalveolar carcinoma. But the myofibroblastic layer that surrounded the neoplastic acinar structure became discontinuous in areas of central collapse and fibrosis (Figure 4a ). The subepithelial myofibroblasts also showed a gradual pattern of irregular proliferation obscuring the sharp contour of the myofibroblastic layer (Figure 4b ). The subepithelial myofibroblasts were lost in the frankly invasive adenocarcinomas, with bundles of myofibroblasts (stromal myofibroblasts) typically emerging in their place (Figure 4c ). In the papillary adenocarcinomas, subepithelial myofibroblasts were faintly visible or completely lost in the preexisting alveolar structure (Figure 4d ). Subepithelial myofibroblasts were completely absent in the papillary structure that projected into the alveolar space (Figure 4d ). The proliferation of stromal fibroblasts was inconspicuous in some of the papillary adenocarcinomas.
Classification of Lung Adenocarcinomas According to Subepithelial Myofibroblastic Pattern
To investigate the significance of subepithelial myofibroblasts in lung adenocarcinomas, we classified tumor areas into four patterns according to the degree of subepithelial myofibroblast retention (see Methods). The tumors were then divided into three groups (groups I to III) on the basis of the dominant pattern, using a cutoff value of 5 mm (see Methods). Table 1 shows the correlations between histological features and this classification is according to the 
Clinicopathological Correlations with Subepithelial Myofibroblastic Pattern
Patients with bronchioloalveolar carcinoma show an excellent prognosis with 100% survival. 4 By definition, bronchioloalveolar carcinomas are free of vascular, lymphatic, and pleural invasion. 10 To clarify the clinicopathological significance of subepithelial myofibroblasts in invasive lung adenocarcinoma, we evaluated the correlations between the classification (group I to III) according to the myofibroblastic pattern and various clinicopathological parameters in invasive adenocarcinoma (n ¼ 103). The results are shown in Table 2 . The classification according to the myofibroblastic pattern was significantly correlated with low rates of lymphatic invasion (Po0.0001), vascular invasion (Po0.0001), pleural invasion (P ¼ 0.0003), differentiation (Po0.0001), and lymph node metastasis (Po0.0001), whereas it showed no correlation with pulmonary metastasis (P ¼ 0.5425).
Prognostic Significance of the Myofibroblastic Pattern Classification
The survival curves according to the histological subtyping are shown in Figure 5 . bronchioloalveolar carcinoma showed the best prognosis (the 5-year survival rate ¼ 100%), and solid carcinoma with mucin showed the worst prognosis (the 5-year survival rate ¼ 55%). The 5-year survival rates for mixed subtype adenocarcinoma, papillary Figure 1 Subepithelial myofibroblasts in pure bronchioloalveolar carcinoma. At lower magnification, a-smooth muscle actin-positive cells could be seen in the area of bronchioloalveolar carcinoma, but rarely seen in the adjacent normal lung (a). Subepithelial myofibroblasts positive for a-smooth muscle actin abruptly appear at the interface between normal lung and bronchioloalveolar carcinoma. a-smooth muscle actin staining in normal alveolar septa represents vascular pericytes (b). In pure bronchioloalveolar carcinoma, a thin layer of slender subepithelial myofibroblasts was observed in the alveolar septa (c). At higher magnification, the cells were located immediately beneath the cancer cells (d).
Subepithelial myofibroblast in lung cancer D Matsubara et al adenocarcinoma, and acinar adenocarcinoma were 85, 75, and 75%, respectively.
The survival curves according to the classification by the myofibroblastic pattern are shown in Figure 6 . In this survival analysis, bronchioloalveolar carcinoma cases were excluded because we wanted to ascertain the clinical significance of subepithelial myofibroblasts in the invasive lung adenocarcinoma. As shown in Figure 6a , group I showed a significantly better prognosis than group II and group III, and group III showed the worst prognosis (Po0.0001, Mantle-Cox method). The 5-year survival rates for patients with group I, group II, and group III were 97, 66, and 37%, respectively, excluding patients with bronchioloalveolar carcinoma. Close comparison between Figures 5 and 6a clearly showed that in addition to the 13 patients with bronchioloalveolar carcinoma, a subgroup of 38 patients with excellent prognosis, ie, patients with group I tumors, could be separated from the 103 patients with invasive adenocarcinomas when our new histological classification is applied.
Next, invasive adenocarcinoma cases were subdivided into early stage (stage I, n ¼ 69) and advanced stages (stage II and stage III, n ¼ 34) for a survival analysis in each subset. In the early stage (stage I), significant correlations were found between the classification according to the myofibroblastic pattern and survival (the 5-year survival rates for group I (n ¼ 36), group II (n ¼ 22), and group III (n ¼ 11) were 97, 81, and 18%, respectively (Po0.0001, Mantle-Cox method)) (Figure 6b ). In contrast, no significant correlations were found when advanced-stage tumors were analyzed (P ¼ 0.3269, Mantle-Cox method).
Multivariate Analysis of Overall Survival Among Pathological Factors
In the univariate analysis, stage, and various histopathological parameters such as tumor size, lymphatic invasion, vascular invasion, and pleural invasion were statistically correlated with patient Figure 2 In areas of collapse, the lining of subepithelial myofibroblasts around neoplastic acinar structure was virtually continuous. Focal disruption in the lining of subepithelial myofibroblasts (asterisk) was present in some cases (a). Subepithelial myofibroblasts were positive for calponin (b) but negative for desmin (c) and h-caldesmon (d).
prognosis (Table 3A) . In the multivariate analysis stratified for stage, however, only the classification according to the myofibroblastic pattern remained significant (Table 3B) .
Discussion
Pathologists usually rely on architectural distortion and stromal response to recognize invasion in epithelial tumors. Overall, however, the extent of the architectural changes that occur in the myofibroblasts are not well documented for lung adenocarcinoma in the early non-invasive stage or during progression into invasive carcinoma. 19, 20 In this study, we found two types of myofibroblasts in lung adenocarcinoma: stromal myofibroblasts and subepithelial myofibroblasts. The former correspond to so-called cancer-associated myofibroblasts (CAFs), and their emergence is correlated with invasion and poor prognosis. 4, 5 In contrast, the latter have not been described for lung cancer, and the very presence of these cells has remained unrecognized to date. In our analysis, however, the subepithelial myofibroblasts were found in all of the non-invasive lung adenocarcinomas and in a subset of the invasive adenocarcinomas.
With regard to immunophenotype, there were no clear differences between subepithelial and stromal myofibroblasts by a-smooth muscle actin, desmin, h-caldesmon, and calponin stainings. Nevertheless, we could make the distinction between these two types of myofibroblasts by the pattern and location. The subepithelial myofibroblasts even with irregular proliferation were observed in a peculiar location beneath the cancer cells or encircling cancer cell nests, whereas the stromal myofibroblasts formed bundles between cancer cell nests.
It was interesting to note that the subepithelial myofibroblasts were lost in most of the invasive carcinomas, although some cases showed retention of these cells in the invasive area. We classified lung adenocarcinomas into three groups (groups I to III) according to the pattern of retention of the subepithelial myofibroblasts. This classification proved to be useful in defining a subset of invasive adenocarcinomas with excellent prognosis.
Studies have shown that lung adenocarcinomas with predominant bronchioloalveolar carcinoma area show good prognosis. 21, 22 However, histological criteria for distinguishing between non-invasive and invasive tumor remain somewhat ambiguous. Microscopic features, such as desmoplasia, disruption of elastic fibers, presence of papillary, or solid tumor structures have been considered as indicators of invasion of lung adenocarcinomas; 8, [23] [24] [25] however, there is no consensus yet among pathologists as to what should be deemed as the real evidence of invasion. Also, the nature of stromal changes may not be the same for all invasive adenocarcinomas. Thus, a more objective method will be required to assess the stromal changes that occur during cancer invasion. In this setting, immunohistochemistry may provide useful information in addition to elastic stains. Disruption and altered composition of basement membrane, as detected by laminin-1 and collagen type IV, have been described in cancer cell invasion. [26] [27] [28] This poses a challenge, however, as staining for laminin-1 and collagen type IV requires extensive proteinase treatment, a procedure, which is rather difficult to standardize. In this context, the evaluation of subepithelial myofibroblast pattern with a-smooth muscle actin staining may provide a relatively easy means to analyze stromal changes in invasive lung adenocarcinomas. Also, our three-group classification is reasonably reproducible; the concordance between two observers was 87%, and when we repeated our evaluation on a separate occasion, the concordance rate was 88%.
Pathologists commonly consider emergence of activated fibroblasts 4 or desmoplasia 23 as evidence of invasion. In this study, however, invasion was not Subepithelial myofibroblast in lung cancer D Matsubara et al always accompanied by stromal myofibroblast proliferation. Some invasive cancers with central collapse manifested a loss of subepithelial myofibroblasts as the main stromal change, with no sign of myofibroblast proliferation in the stroma. We were also interested to note that some papillary adenocarcinomas exhibited a loss of subepithelial myofibroblasts as the prominent stromal change, with no stromal myofibroblast proliferation. In some papillary adenocarcinomas, the subepithelial myofibroblasts were lost even in the apparently intact preexisting alveolar structure. This tendency of a loss of subepithelial myofibroblasts without any induction of stromal myofibroblasts may be a peculiar feature in a subset of invasive adenocarcinomas.
Though data on subepithelial myofibroblasts in lung adenocarcinomas are lacking, there are detailed reports on subepithelial myofibroblastsoften referred to as 'pericryptal fibroblasts'-in normal colonic mucosa and colorectal adenomas. [29] [30] [31] [32] In fact, the features of subepithelial myofibroblasts in lung adenocarcinoma are quite similar to those reported for pericryptal fibroblasts Figure 4 Subepithelial myofibroblasts in invasive lung adenocarcinomas (a-smooth muscle actin staining). In areas of central collapse and fibrosis, the myofibroblastic layer around the neoplastic acinar structure was discontinuous (a). Irregular proliferation obscuring the sharp contour of the myofibroblastic layer was also noted (b). In frankly invasive adenocarcinoma, subepithelial myofibroblasts were completely lost and bundles of stromal myofibroblasts emerged (c). In papillary adenocarcinomas, subepithelial myofibroblasts were only faintly visible in the preexisting alveolar structure (d). Subepithelial myofibroblasts were completely absent in the papillary structures (d). Subepithelial myofibroblast in lung cancer D Matsubara et al in colorectal epithelial tumors. Pericryptal fibroblasts are more abundant in adenoma than in normal colon, and gradually decrease during the progression from adenoma to intramucosal carcinoma to submucosal invasive carcinoma. [29] [30] [31] [32] In invasive carcinomas they are virtually absent. 29 Pericryptal fibroblasts are also absent in normal gastric mucosa. 33 Interestingly, however, they appear in intestinal metaplastic glands, but disappear in the neoplastic glands of gastric adenocarcinomas of intestinal type. 33 Postoperative adjuvant chemotherapy, such as platinum-based chemotherapy, is now a standard therapy for completely resected non-small cell lung cancer, including early-stage cases. 34, 35 Postoperative adjuvant therapy, however, is not necessarily required for all stage IB cases. 36 Patients with pure bronchioloalveolar carcinoma or minimally invasive cancer, for example, can be successfully treated with surgery alone. 4, 21, 22 In this setting, analysis of subepithelial myofibroblasts by a-smooth muscle actin staining might be helpful for identifying a subset of invasive adenocarcinomas requiring no postoperative chemotherapy, ie, tumors with myofibroblast pattern of group I. Conversely, stage I patients with tumors showing myofibroblastic pattern of group III may be treated with postoperative adjuvant therapy, as these patients have a much Subepithelial myofibroblast in lung cancer D Matsubara et al poorer prognosis (5-year survival of 18% compared with 97 and 81% for group I and II, respectively).
In conclusion, we reported the presence of subepithelial myofibroblasts in pure bronchioloalveolar carcinoma and a subset of invasive lung adenocarcinomas. The retention of subepithelial myofibroblasts in invasive lung adenocarcinoma cases was associated with low rates of lymphatic, vascular, and pleural invasion, lymph node metastasis, and excellent prognosis. Analysis of subepithelial myofibroblast pattern by a-smooth muscle actin staining may be useful for identifying invasive adenocarcinomas with excellent prognosis. The underlined values indicate those that are statistically significant.
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